This paper used the trophic level index (TLI) method combined with the relevant data from 2014 to 2017 to evaluate the water quality of Gaoyou Lake. Meanwhile, based on principal component analysis (PCA) and multiple linear regression (MLR) models on chlorophyll a (Chla), this research developed predictions and an early warning scheme for eutrophication in Gaoyou Lake. The results showed the following: 1. The TLI of Gaoyou Lake showed a significant increasing trend, and the lake was in the state of light to moderate eutrophy. 2. According to the PCA eigenvalues that were greater than 1, principal components (PCs) with a cumulative contribution rate of 76.04% were obtained, and a linear model was further obtained: C Chla ¼ 6.146 þ 1.209 (Score 1) þ 0.583 (Score 2) þ 1.095 (Score 3).
INTRODUCTION
In recent years, with the continuous expansion of cities and the rapid development of the economy, large amounts of nutrient-rich domestic and industrial sewage have been generated (Yang et al. ) . This sewage has worsened the eutrophication of water bodies, threatening the utilization of water resources and the ecological environment (WHO ; Smith et al. ) . Nevertheless, improvements in water eutrophication remain a challenge, especially in developing countries (WHO ; John et al. ) . Therefore, it is necessary to evaluate and predict water eutrophication.
Information on the trophic status of a lake provides an indication of an ecosystem's current structure and function (Schaeffer et al. ; Jacobson et al. ; Nevalainen & Luoto ) . For this reason, many studies have established a variety of methods for assessing water quality, including the fuzzy decision method (Bin & Jianshe ) , set pair analysis method (Fanxiu et al. ) , and comprehensive index method (Yang et al. ) . Furthermore, the method based on the trophic level index (TLI) for nutrient assessments is currently widely used to determine lake water quality (China Environmental Monitoring Station ). In general, the trophic levels of lakes are assessed using five main indicators of responses to nutrients: Chla (chlorophyll a), TP (total phosphorus), TN (total nitrogen), SD (Secchi disc) and COD Mn (permanganate index) (Xiang et al. ) . The TLI is based on these five indicators. Accordingly, the TLI method has been widely used for the assessment of Obviously, these studies have a significant and positive impact on the evaluation of water quality eutrophication. However, simply evaluating eutrophication can provide only the current nutritional status of a lake and cannot be used to analyse future water quality.
Water quality predictions can be used to predict future trends in water quality in a changing environment and minimize microbial risks (Hamilton & Chla to obtain the relationship between principal components (PCs) and Chla to effectively predict the eutrophication of a water body.
The basis of establishing an early warning system is to evaluate the status quo and predict the future situation. In addition, the process from evaluation and prediction to early warning is also a process that can be used to deepen the understanding of the system. Thus, it is necessary to establish an early warning system using a forecasting scheme. In recent years, great progress has been made in the study of methods and models for early warning systems Therefore, it is of great importance to use Chla as an early warning indicator.
Gaoyou Lake is one of the ten largest freshwater lakes in China. This lake is an important source of drinking water and home to a variety of fish and aquatic plants. Gaoyou Lake has many functions, such as fish farming, industrial and agricultural water, irrigation, tourism, shipping and flood control (Wang & Cao ) . Gaoyou Lake was once known to have the highest water quality in Jiangsu Province, 
MATERIALS AND METHODS

Study area
Gaoyou Lake (119 06 0 -119 25 0 E, 32 42 0 -33 41 0 N) is located in the city of Tianchang in Anhui Province and Gaoyou city in Jiangsu Province (Figure 1 ). The lake is 48 kilometres long and has a maximum width of 28 kilometres.
The total water area is 760.67 square kilometres, and this lake is in the Huaihe River Basin. Gaoyou Lake is one of the large lakes in the basin and is known to have the best water quality in Jiangsu Province, China. At the same time, Gaoyou Lake is the main position of the Huaihe River waterway improvement project and is closely related to the South-to-North Water Transfer Project. In recent years, due to the development of industries in the counties and cities around Gaoyou Lake, the water quality has been polluted to varying degrees, and the phenomenon of eutrophication of water bodies has emerged (Tang & Fan ) .
Sample collection and water quality monitoring
Given the characteristics of the environment surrounding Gaoyou Lake, the Gaoyou Lake water intake point in Tianchang city, Anhui Province, was selected as the monitoring point (119.1859E, 32.8065N), and monitoring was conducted at three measuring points to the left, in the middle and to the right of the intake point. The average was taken as the final data. The monitoring time was from January 2014 to December 2017, and the monitoring frequency was once a month for a total of 48 times. The TN, ammonium (NH 4 -N), TP and potassium permanganate index (COD Mn ) were measured in the laboratory according to standard methods (Jin & Tu ) . Water temperature (T) and dissolved oxygen (DO) were measured on-site with a multiparameter water quality sonde (YSI, 6600V2, USA). Transparency was measured by a SD, and Chla was determined using a chlorophyll a fluorescence detector (FuloroQuik, AMI, USA).
Trophic level index (TLI) calculations
Taking Chla as the benchmark parameter, parameters such as COD Mn , TN, TP, SD and other significant correlations with Chla were selected as evaluation factors, and weight analysis was carried out to obtain the water quality evaluation results. The method is used to establish a TLI model as follows (Zhang et al. ) :
where TLI (j) represents the composite index of j with the correlative weight Wj. With Chla as the reference parameter, the normalized correlation weight of the jth parameter is calculated as: r ij is the correlation coefficient between the jth parameter and the reference parameter Chla; m is the number of evaluation parameters. The correlations between Chla and other parameters of Chinese lakes, r ij , and r ij 2 , are shown in Table S1 . The nutritional status index is calculated as follows:
(1) TLI (Chla) ¼ 10 (2.5 þ 1.086 ln Chla)
(2) TLI (TP) ¼ 10 (9.436 þ 1.624 ln TP)
( 
Construction of eutrophication prediction model
Factor analysis linearly combines multivariate data, uses dimensionality reduction, and integrates many original variables into fewer PCs, which can reveal the structural characteristics of the data itself and is widely used to reduce the loss of initial information (Moore ). The basic mathematical model is as follows:
In the formula, F 1 , F 2 , F 3 …F K represent the common PC factors, & p is a special factor, and w pk represents the structural load of the pth variable on the kth factor.
According to this mathematical model, the principal component method is chosen to extract the common factors between the variables. The basic mathematical model is as follows:
where F is the principal component, ZX 1 …ZX n is the value of the original normalized variable matrix X, a 1 …a mn is the eigenvector corresponding to the eigenvalue of the covariance matrix of the original variable matrix X, n is the number of variables, and m is the number of samples (Tipping & Bishop ) .
In this study, the regression equation was calibrated, and SPSS data analysis software was selected. A linear model of PCs and Chla is obtained by multivariate linear regression of PCs with Chla:
In the formula, a 0 is a constant coefficient, k n is the regression coefficient of the scores of the nth PC, S n is the score of the nth PC, and C Chla is the content of Chla.
Construction of the water quality warning model
Early warnings generally consist of five processes: identifying the warning, determining the source of the warning, analysing the warning, pre-alarming, and eliminating the warning. Among these steps, identifying the warning is particularly important. Warnings are usually divided into four levels: no warning, light warning, moderate warning and strong warning. The alarm levels can be displayed as different colours in a four-colour display system, such as blue, green, yellow, and red.
The key to predicting a warning is determining the boundaries of the alert. The alarm can be called the threshold value, which is used to determine a reasonable measure that is suitable for the indicator of an early warning. This value is used as a criterion for proposing the normal operation of the forecasted object and determining whether the alarm is generated and its severity during the operation of the forecasted object. When the indicator value exceeds the warning limit, the alarm will be triggered, and the warning can be predicted.
According to the severity of the forecast, corresponding measures can be proposed to improve the water quality of the lake.
RESULTS AND DISCUSSION
Eutrophication assessment based on the TLI
The TLI values in this study ranged from 49.56 to 60.02. The results of the water eutrophication evaluation were generally light eutrophy, and the average of the qualitative evaluation was mild pollution (Table 1 and Table 2 ). The results showed that the trophic level of Gaoyou Lake was generally good.
Although the water quality still meets the Chinese drinking water standard after treatment, the TLI fluctuates greatly ( Figure 2) . Therefore, it is still necessary to evaluate eutrophication in the future.
From the temporal perspective, during the study period from 2014 to 2017, the highest TLI value occurred from July to October, and the lowest value generally occurred from December to January, which most likely occurred because temperature influences algae production. This temporal trend confirms that temperature is one of the main factors affecting the eutrophication of water bodies (Zhang ) .
Some researchers used the same method to study eutrophication changes in Gaoyou Lake from 2010 to 2014 (Çamdevýren et al. ) . The results showed that the TLI of the whole lake and various functional zones ranged between 51.6 and 59.9, all of which exhibited light eutrophy, which is similar to the results of our findings. Therefore, the water quality of Gaoyou Lake is stable and not easily altered.
From a spatial perspective, since Gaoyou Lake is a shallow water lake, the water from Lake Hongzehu to the northwest of Gaoyou Lake flows into the Yangtze River after flowing into Gaoyou Lake. Therefore, the water in the eastern part of Gaoyou Lake is affected by the upstream water supply, and the degree of eutrophication in this area cannot represent the status of the whole lake. The western part of Gaoyou Lake was selected as the sampling point, and the water environment was relatively stable in this area. Gaoyou Lake is the main area of aquatic product production in Jiangsu Province. Simultaneously, this lake is a very large aquaculture base. Some of the remaining feed and animal manure are decomposed, allowing a large amount of nitrogen to enter the water body. Although Gaoyou Lake can be categorized as a water-based lake, the number of species and quantity of plankton have increased significantly compared with those recorded during the 1993 survey (Zhang ) . Consequently, the possibility that Gaoyou Lake will be further vegetated is not excluded. Chla prediction based on the PCA According to PCA, out of the seven PCs, only three PCs with eigenvalues higher than 1 were selected for multiple linear regression analysis. The selected PCs explained 76.04% of the total variation in the variables in PCA (Table 3) . Furthermore, the communality values of the variables were found to be high in the selected PCs, for example, 69% in TN, 79% in TP and 77% in COD MN (Table 4 ). These results further confirm the appropriateness of the selected number of PCs (Pituch & Stevens ) used in modelling.
The high values of communalities indicate that the variances in the variables were efficiently reflected in the regression analysis. All seven variables were included in the three selected PCs. However, only certain variables possessed significant loads within each PC. For example, the only meaningful load in PC1 was found to be COD Mn , while TP, DO and T possessed the most significant loads in PC2. However, NH 4 -N and TN were significant in PC3.
The weights of the variables and the values of the standardized variables were then multiplied to obtain the scores of the PCs. The scores obtained from PCA were used as independent variables in the stepwise multiple linear regression analysis to determine the most significant PCs for the Chla level. Accordingly, score 1, score 2 and score 3 were found to have significant linear relationships with Chla.
All scores possessed a positive impact. In other words, the Chla level would be expected to increase as the scores increased. Consequently, a total increase in significant variables with a score of 1, namely, COD MN , would lead to an increase in the Chla level. On the other hand, an increase in significant variables with a score of 2, e.g., TP, DO and T, would result in an increase in Chla abundance. Similarly, an increase in significant variables with a score of 2, e.g., 
Early warning scheme for eutrophication classification
Gaoyou Lake, which is a source of drinking water, should implement Class II water standards. According to the standard values of lakes and reservoirs, the Chla concentration in Class II water should be below 4 μg/L. However, analysis in combination with specific water environments can more accurately define nutrient levels because this accumulation of algae is closely related to the species and external conditions required for growth (Guven & Howard ) .
Gaoyou Lake is a shallow lake, and shallower water depths are more conducive to algae growth. The water quality of Gaoyou Lake has been monitored by the state and the province for 20 years. The Chla concentration of Gaoyou Lake in the algae development period in summer and autumn is between 8 and 18 μg/L, and the concentration is less than 15 μg/L most of the year. Based on the above factors, we believe that the critical value of the Chla is 8 μg/L, which is in line with the water quality of Gaoyou Lake; that is, the concentration of the Chla exceeds 8 μg/L, which may pose a threat to safe water supply.
The above analysis combined with the early warning alert system described above was used to formulate a plan for an early warning system in Gaoyou Lake (Table S2 ).
The algae biomass response prediction model for the entire lake was established using the monitoring data from Gaoyou Lake from 2014 to 2017, and the monitoring data from Gaoyou Lake in 2017 triggered a warning. The warning results are shown in Table S3 . The forecast level was between the green and red levels. Among the 12 data points, 9 of the prediction are accurate, representing 75% of the total, and the early warning results meet the requirements.
CONCLUSIONS
In summary, the TN and TP concentrations in Gaoyou Lake have exceeded the standard in recent years, indicating light and moderate eutrophy and gradually showing a deteriorating trend. Therefore, to ensure ecological protection of the water body, it is necessary to pay attention to the water quality changes and nutritional status of the lake. On this basis, the establishment of a four-colour system for a water quality warning scheme is intuitive and has been shown to be accurate in practical applications. The warning scheme reflects the eutrophication level of Gaoyou Lake and issues a timely alarm to trigger the implementation of targeted pollution prevention measures, which will effectively improve the water quality. Based on the needs to further improve the accuracy of prediction and early warning, the early warning systems should be made more practical and better able to meet the needs of water quality prediction and early warning.
